We show a possibility for the charge quantization of the standard model (SM) particles. If a global symmetry makes the three copies of a generation and supersymmetry (SUSY) relates the Higgs boson to a lepton, all the charges of the SM particles can be quantized through gauge-anomaly cancellation. In the minimal model realizing the possibility, the gravitino mass around the Planck-scale is needed to generate the SM couplings through (quantum) supergravity. Much below the Planck-scale, the SM with non-vanishing neutrino masses is obtained as the effective theory. As extensions of the SM with this quantization mechanism, millicharged particles can exist without introducing massless hidden photons.
Introduction
The success of the standard model (SM) and standard big-bang cosmology clearly shows that there are new physics revealing the mysteries of the origin of the neutrino mass, the identity of the dark matter, baryon asymmetry of the Universe, and the electric charge (charge) quantization of the visible particles. The charge quantization can be explained by assuming a grand unified theory at a high energy scale [1] where the SM gauge group of SU(3) c × SU(2) L × U (1) Y is embedded into a large compact gauge group. Alternatively, it was shown recently that charge quantization can be explained in a matter-coupled nonlinear sigma model [2] .
In this Letter, we show another simple explanation of the charge quantization of the SM particles. It was pointed out that with only one generation the fermions must have quantized hypercharge to cancel quantum gauge anomaly [3, 4] . However, the hypercharge of a scalar, e.g. the Higgs field, is not restricted.
1 Our key idea is to relate the hypercharge of the Higgs boson to a lepton by supersymmetry (SUSY) and makes three copies of the generations of the SM by a global flavor symmetry. As a result, all the SM particles' hypercharges are quantized from the gauge-anomaly cancellation. This leads to the charge quantization when SU(2) L × U (1) Y is broken down.
We provide a SUSY model and find that at low energy the SM couplings, which may be forbidden by the symmetries for the mechanism, can be generated without introducing new superfields, thanks to (quantum) supergravity. It is believed that quantum gravity breaks any continuous global symmetry, and there could be various Planck-scale suppressed operators violating the flavor symmetry. If the gravitino mass is around the Planck scale, M pl ≃ 2.4 × 10 18 GeV, supergravity effect reduces the higher-dimensional operators into renormalizable ones with large enough coefficients, even the SUSY breaking sector is sequestered from the SM sector. As a result, the SM Lagrangian parameters can be generated. Interestingly, if gaugino masses are generated dominantly by the anomaly mediation [8, 9] , 2 one of the observed neutrino oscillation scales can be explained by the seesaw mechanism [13] [14] [15] .
The extensions of the model and the mechanism are discussed.
1 By assuming non-vanishing fermion masses, the charge quantization for the Higgs field and also neutrinos were discussed in Refs. [5] [6] [7] , but we will not make this assumption. 2 For recent studies on anomaly mediation in the MSSM, see Refs. [10] [11] [12] .
Charge quantization from supersymmetry
It was known that with only one generation of the SM fermions, X = Q, u, d, L, e, the hypercharges are guaranteed to be quantized from theoretical requirements [3, 4] .
The quantum gauge field theory must satisfy the cancellation for chiral gauge and mixed gravity-gauge anomalies,
Here Y X is the hypercharge of a chiral fermion X, and the bracket denotes the corresponding triangle anomaly. If all the fermions are charged under U (1) Y (= with non-vanishing hypercharge), the hypercharges are quantized as in the SM. give masses to the fermions since a Yang-Mills theory without a Yukawa interaction or a mass term is still well-defined. Thus, throughout this Letter, we do not restrict the charge assignment of fields by requiring the existence of the operators in the Lagrangian. In more detail, we assume that under U (1) Y a particle can be either a singlet 4 (hypercharge= 0), or arbitrarily charged 5 (hypercharge= real number not chosen by hand) with satisfying the gauge-anomaly cancellation and symmetries.
From this viewpoint, the charge quantization of the Higgs boson is non-trivial, and important for the existence of the Yukawa interactions and the fermion masses.
We stress that the charge of the Higgs boson can be quantized if there is SUSY where the Higgs boson is a (anti-)slepton. This is because the hypercharge of the Higgs field becomes the opposite to that of the left-handed lepton,
Now consider a realistic case with three-generations,
where α = 1, 2, 3 represent the generations in a general basis. The anomaly cancellation still restricts the hypercharge to be quantized if each type of the fermions carries the same hypercharge in all generations,
This can be achieved from a global flavor symmetry, e.g. a global SU(3) symmetry where α is the index of the fundamental representation.
To sum up, if the SM is an effective theory of SUSY where the Higgs boson is a slepton with a global flavor symmetry, the charge quantization of all the SM particles is explained. The symmetries for this mechanism can be broken down at a very high energy scale, and the property of the symmetry may not appear at experimental scales except for the charge quantization. This is the main claim of the Letter.
Note that in the discussion, we have assumed no additional fermions that contribute to the anomalies in Eq.(1). We will go beyond this assumption in the last section.
A SUSY extension of the SM
Now we move to a particular scenario to relate a SUSY model to the SM. The hypothesis that the Higgs boson is a slepton was originally pointed out in Ref. [16] .
After the Higgs boson discovery, this has been studied in the context of the SUSY phenomenology and was found to lead to various interesting signatures and better agreements with particular phenomena [17] [18] [19] [20] . For low-scale SUSY, R-symmetry with introducing adjoint multiplets is needed to avoid too large neutrino masses, and a low cutoff scale is needed to get realistic SM Yukawa interaction terms unless there are additional Higgs multiplets.
The major difference here is that we consider a scenario with a very high SUSY breaking scale instead of introducing new multiplets for simplicity. In particular, we do not introduce any fields to break the flavor and supersymmetries, which are needed for the charge quantization, in the SM sector, but suppose that the spontaneously SUSY breaking is in a sequestered sector [9, 21] and this makes the cosmological constant vanishingly small. Nevertheless, the symmetries can be badly broken and the couplings of the SM are generated by (quantum) supergravity, which mediates the SUSY breaking. Using this scenario, we demonstrate that the slepton=Higgs hypothesis can lead to the charge quantization of the SM particles.
The minimal model with the mechanism has the chiral supermultiplets
(we denote the corresponding fermion by itself, Φ, and scalar byΦ) and vector
(corresponding field strength is W 
Also, we assume there is a global SU(3) flavor symmetry where α is the index of the fundamental representation. Accordingly, from the previous section, the charges of all the SM particles are quantized.
The component Lagrangian is given by
where the first (second) term represents a Kähler (super) potential. ... represents the kinetic terms for vector multiplets, sequestered SUSY breaking Lagrangian, and the constant term for the superpotential which gives the gravitino mass m 3/2 . It is believed that any continuous global symmetry is broken by quantum gravity. This implies that in the Kähler and superpotentials there are various Planck-scale suppressed operators which preserve the gauge symmetry but break the flavor symmetry.
As we will see, these are the operators that generate most of the SM Lagrangian parameters through SUSY breaking, and the relevant operators will be soon discussed.
SM Yukawa matrices
Thanks to the quantization of hypercharge, the SM Yukawa interaction terms are allowed to be written down in the low-energy effective Lagrangian. We show that the Planck-scale suppressed operators due to quantum gravity would lead to general forms of the SM Yukawa matrices through supergravity.
One can write down the renormalizable superpotential, 
where the dimensionless coefficients,Ỹ u,d,e , are naturally non-zero and do not respect the flavor symmetry due to quantum gravity. By performing a Kähler transformation, these terms are transfered into the superpotential as The SM Yukawa matrices of leptons and down-type quarks have contributions from Eq. (8) as
, and (
respectively, where the component Lagrangian we would like to get is
is the SM Yukawa matrix for up-type quarks which will be discussed soon.
Due to the contraction of the SU(2) L indices, the first contribution in Eq. (10) , and the symmetric part of Y SM e αβ are generated due to supergravity. To take into account the supergravity effect, let us follow a conformal compensator formulation of supergravity Lagrangian [22] [23] [24] . A chiral compensator multiplet, φ, is introduced to properly couple to superfields so that the action becomes superconformal invariant. Then we couple the action to superconformal gravity. The Poiancaré supergravity can be obtained through the spontaneous breakdown of the local conformal symmetry. This is achieved from the non-vanishing "vacuum expectation value (VEV)" of the compensator field, φ . From the unitary gauge fixing,
and one gets supergravity Lagrangian by integrating out δF φ . With SUSY breaking, the F -term of φ is
in most of the supergravity models.
Let us review the couplings among the compensator and superfields. A superconformal theory has dilatation and U (1) A symmetries, under which a supermultiplet can have a Weyl wight w and a chiral weight, n, respectively. Thus the supermultiplet is characterized by (w, n). The chiral multiplet,
has weights (1, 1) and the superfield strength, W We do not discuss this in detail but refer to Ref. [24] when this is needed. The conjugate of (w, n) multiplet carries (w, −n). The weights of the supermultiplets should be added up to (3, 3) by explicitly writing down the compensator dependence,
wherec αβγ andd αβγ are dimensionless coefficients. By substituting "VEV" of φ, one
Thus we found contributions to Y , for the scalar field,Φ, have contributions from: Planck-scale suppressed operators, anomaly mediation, and threshold corrections. 9 The first one could be from, K ⊃ẽ By summing up these contributions, the slepton ( = Higgs) and squark mass squares can be positive and are
The upper bound is obtained for
or/andẽ Φ ≪ 1, we get the lower bound.
Unfortunately, in our scenario the mass squared for the Higgs field should be can- 7 We do not consider m 3/2 > M pl because the cutoff scale is supposed to be around M pl . If the cut-off scale is lower than M pl (some ofỸ e,d,u ,c,d can be > O(1)), the favored m 3/2 is smaller. 8 A trilinear term such as L ⊃L αQβũγ can be generated for example from Eq. (14) . For the mass squares, see the following. 9 We do not consider Fayet-Iliopoulos term for U(1)Y from theoretical consistency of supergravity [26] .
to be ∼ 100 GeV by finely tuningẽ H with given m 3/2 = O(0.01 − 1)M pl and other parameters. The fine-tuning means we can not solve or alleviate the hierarchy problem between the Planck and weak scales without other assumptions/mechanisms.
A detailed approach to this problem is out of our purpose, but let us mention the possibility of anthropic principle [27] , and a candidate of solution [28] . In the last section, we will discuss the extension of this mechanism in terms of low energy SUSY.
We have shown that the masses of the sleptons and squarks are naturally around O(M pl ). As we will see in the next section, the gaugino masses are slightly smaller than O(M pl ). This implies that when the Higgs boson mass is finely tuned to be at a small value, only the particles in the SM are light, which interact with each other through the SM couplings and higher dimensional operators. Consequently, the SM is obtained as the effective theory at the scale ≪ M pl .
Notice that the higher dimensional operators in the component Lagrangian are generated by integrating out the sparticles whose masses are much larger than PeV scale. This implies that the flavor and CP-violating processes generated by the sparticle propagation are highly-suppressed and hence the SUSY flavor and CP problems are solved. 10 However, a proton decay rate and neutrino masses may obtain significant contributions, since they are very sensitive to the UV physics that breaks lepton/baryon number. These will be discussed in the following.
Proton decay Our scenario does not have any global symmetry, and a proton decays at a tiny rate. By integrating out the squarks,d γ from the second and third terms of Eq. (8), one gets the four Fermi interaction,
where
. This gives the dominant contribution. The decay rate of p → π 0 + e + is given by [29] 
where the supscript "(1111) SM " represents that we have focused on the interaction among the fermions in the 1st generation of the SM. Since 1/ √ C (1111) SM O(md γ ) 10 The gravitino problem is also absent. The gravitino whose mass is around M pl even does not appear in the thermal history of inflationary cosmology as long as the inflation scale is much smaller than M pl . 
Neutrino scale and gaugino mass
The hypothesis, "Higgs=slepton", introduces lepton-number violation [16] . A nonvanishing neutrino mass is a direct consequence, where the neutralinos can play the role of the right-handed neutrino in the seesaw mechanism [13] [14] [15] .
In particular, if a neutralino mass, M i=Y,2 , is around (10 −3 − 10 −2 )M pl , the measured neutrino oscillation scale, |∆m 2 ν | ∼ 10 −2 − 10 −3 eV [32] , could appear from
GeV. This is achieved if the gaugino mass is loop-suppressed, and thus particular attention should be paid to the possibility that the masses are generated through anomaly mediation in our scenario.
In what follows, we will assume that the anomaly mediation effect is dominant for the gaugino masses, which is justified in certain cases. In our scenario, the only other possibility to generate the gaugino mass is the higher derivative terms, such
, whereẽ i is a dimensionless parameter. 11 The gaugino masses are obtained from φ asẽ i
. This would be subdominant with √ẽ i m 3/2 < O(0.1)M pl , which implies that m 3/2 is slightly smaller than the Planck scale and/orẽ i is small. We note thatẽ i may be suppressed because the terms including > 2 derivatives with two fields give rise to ghost modes and are absent in ghost-free effective theories [33] .
The gaugino mass terms from anomaly mediation are given by [8, 9] 
By following Refs. [34] [35] [36] , the beta-functions, β i , for the gauge couplings g i are 11 The dimension five term K ⊃
2 is the gauge kinetic term with performing a Kähler transformation.
calculated as,
at the leading order where we have neglected the contribution from the Planck-scale suppressed terms. Notice that we do not have the ordinary Higgs multiplets, and the beta functions for g Y and g 2 differ from the MSSM ones. In particular, g 2 runs at the 2-loop level. Hence, the anomaly-induced mass for wino is two-loop suppressed from F φ = m 3/2 and can give a contribution to the neutrino mass even for m 3/2 ≃ M pl , as
we will see soon.
The coupling of Higgs-neutrino-wino arises from the gauge interaction in
The relevant component Lagrangian are obtained as
Here λ 2 is the wino triplet. By integrating out λ 2 , an effective neutrino mass term appears as
The neutrino mass reads from Eq. (20):
where we have assumed the Yukawa couplings that are not important for the SM are negligible (dominant) in the first (second) row and g Y = 0.6 3/5, g 2 = 0.5, g 3 = 0.5.
Therefore, one finds that for Another neutrino mass To explain the neutrino oscillation, there should be at least one additional mass term for a different flavor of neutrino, say L 2 . One leading candidate to generate the mass is through the seesaw mechanism with bino, λ Y , as the right-handed neutrino. However, the gauge interaction in Eq. (24) is flavor-blind, and contribute to the mass of the same neutrino L 3 . Accordingly, a flavor-breaking coupling from quantum gravity through the terms, such as K ⊃
, is needed. In this case, a similar term for wino coupling should be also taken into account, but this does not change Eq. (27) significantly unless the coefficient is extremely large. Since the lightest neutrino is massless, the effective Majorana neutrino mass, m νee = O(0.001) eV and O(0.01) eV, is predicted for normal and inverted mass hierarchies, respectively. This gives non-vanishing rate for the neutrino-less double beta decay, where our scenario may be tested.
Alternatively, there could be an additional massive singlet superfield, N, who has a coupling of type K ⊃
. This reduces to the Yukawa couplings to the right-handed neutrino, L ⊃ 8 × (
2 HL 2 N. Hence one obtains another neutrino mass through the conventional seesaw mechanism.
In both cases, if the reheating temperature of the Universe is sufficiently high, the baryon asymmetry can be explained through thermal leptogenesis [37] or through leptogenesis via neutrino oscillation during the thermalization of the Universe [38] .
Discussion and Conclusions
So far we found that the SM particles can have quantized charge due to an extremely high scale SUSY with flavor symmetry. It would be interesting to study the SM Yukawa structure from a particular SUSY and flavor symmetry breaking scenario (c.f.
Ref. [39] ), which leads to the charge quantization. Our mechanism can also apply In particular, Y E = −Y E can be arbitrary, and thus the corresponding electric charge is not quantized in general, 12 which implies that there could be millicharged particles (MCPs). A particle without quantized charge is stable, and it can be (a fraction of) dark matter. 13 Interestingly, the 21-cm anomaly reported by EDGES Collaboration [47] can be explained by a fraction of a MCP dark matter [48] [49] [50] . The leading mechanism to get MCPs has been known to be the kinetic mixing between the SM photon and a massless hidden photon [51] . However, in the presence of a dark photon, the explanation of 21-cm anomaly may run afoul to the dark radiation constraints [52, 53] . We stress that a MCP can exist without hidden photons if the quantization of the charges in the SM is due to gauge-anomaly cancellation. In particular, our mechanism can provide an elementary MCP, and this possibility is free from the constraints for dark photons.
A similar mechanism for charge quantization can be considered in a low energy partner φ Y , a neutrino mass is generated. An N = 2 non-renormalization theorem can lead to typical spectra for the MSSM sparticles [55, 56] .
In this Letter, we have shown that if the Higgs boson is a slepton and there is a global flavor symmetry at an extremely high-scale, the charge quantization for all the SM fields can be guaranteed from the cancellation of gauge anomaly. If the gravitino mass is around the Planck scale, the (quantum) supergravity effect leads to the SM with the flavor and supersymmetries badly broken. A consequence of the quantization mechanism is the non-vanishing neutrino mass. In particular, one of the observed neutrino scales can be explained through the anomaly-induced gaugino masses. 12 The SU(N ) can be broken down by a hidden Higgs (without hypercharge) or becomes stronglycoupled at low energy. 13 Alternatively the dark matter could be a QCD axion with the decay constant around the Planck scale if the inflation scale is low [40, 41] . The inflaton itself could also be the dark matter [42] [43] [44] [45] [46] .
